ABSTRACT: Children with stage IV neuroblastoma (NBIV) are often malnourished at time of diagnosis, observed as high as 50%. The emphasis of this study was to determine whether an increased resting energy expenditure (REE) is a causative factor. Our hypothesis was that children diagnosed with NBIV have an increased REE, which normalizes with cancer treatment. Changes in nutritional status from time of diagnosis in response to nutritional support were examined. REE and nutritional evaluation were obtained three times: at diagnosis before starting treatment, where tumor burden is expected to be highest; after two courses of chemotherapy, where some response to treatment is expected; and after surgical excision of the primary tumor, where there was presumably minimal residual disease. Ten subjects completed the study. Results showed that REE was not increased, and there was no significant difference between phases (p ϭ 0.29). Fifty percent of our subjects were malnourished at diagnosis. Because REE is not increased in NBIV, it is concluded that malnutrition seen in NBIV is not due to increased energy needs, but is likely due to decreased intake because of the intra-abdominal mass and malignant malaise. are frequently cachectic. Cachexia occurs in the setting of uncontrolled growth of tumor, which places a demand on the host for essential nutrients. The mechanisms underlying cachexia are unclear (1). The typical clinical picture is one of weight loss, decreased muscle mass and diminished fat stores, anorexia, and fatigue. Several articles have indicated that an increase in energy expenditure and/or altered metabolism is a plausible explanation for this energy imbalance (2-4). In addition, tumor burden may be responsible for a multitude of metabolic abnormalities observed (2-4). Alterations in energy expenditure, protein, carbohydrate, and lipid metabolism have been reported (2-8). Factors such as fever, infection, stress, cold exposure, physical activity, and catecholamine release have been shown to elevate resting energy expenditure (REE) (9).
C
hildren presenting with stage IV neuroblastoma (NBIV) are frequently cachectic. Cachexia occurs in the setting of uncontrolled growth of tumor, which places a demand on the host for essential nutrients. The mechanisms underlying cachexia are unclear (1) . The typical clinical picture is one of weight loss, decreased muscle mass and diminished fat stores, anorexia, and fatigue. Several articles have indicated that an increase in energy expenditure and/or altered metabolism is a plausible explanation for this energy imbalance (2) (3) (4) . In addition, tumor burden may be responsible for a multitude of metabolic abnormalities observed (2) (3) (4) . Alterations in energy expenditure, protein, carbohydrate, and lipid metabolism have been reported (2) (3) (4) (5) (6) (7) (8) . Factors such as fever, infection, stress, cold exposure, physical activity, and catecholamine release have been shown to elevate resting energy expenditure (REE) (9) .
Several authors suggest that an increase in REE contributes to the weight loss seen in malignancy. Patients with malignant disease have been reported to have reduced normal or increased energy expenditure (4) . Increases in REE have been reported in patients with sarcomas, lung/bronchial cancer, pancreatic cancer and gastric tumors, lymphoma, leukemia, whereas decreased or normal REE has been reported in other types of malignancy (10 -16) . Data describing the effect of cancer on energy expenditure of children are limited and mainly involve children with leukemia or lymphoma. Convincing data on the effect of the presence of a solid tumor on energy expenditure of children is lacking.
Neuroblastoma is a malignant solid tumor, which originates from the primitive neural crest cell that gives rise to the sympathetic nervous system (17) . Neuroblastoma primary tumors can arise from anywhere where normal sympathetic nervous system structures are found (17) . Approximately 90 -95% of all patients with neuroblastoma will have increased excretion of urinary catecholamine metabolites (17) (18) (19) (20) (21) (22) . Knowing that this specific tumor originates from neural crest cells that are precursors of cells of the adrenal medulla and sympathetic nervous system, which produces catecholamines potentially causing an elevated heart rate (HR), it was reasoned that the malnutrition would likely be due to an increased REE. Therefore, the emphasis of this study was to determine whether an increased REE is a causative factor in the malnutrition frequently observed in children newly diagnosed with NBIV.
METHODS

Subjects.
Twelve subjects were enrolled in the study. All patients were admitted to the Hematology/Oncology inpatient unit at SickKids for diagnosis and therapy. Subjects were older than 6 mo and younger than 18 y of age. Subjects were excluded if the child was clinically unstable and needed immediate medical treatment. Approval for the study was obtained from the Research Ethics Board, at SickKids, and from the Scientific Advisory Research Board of the Division of Hematology/Oncology. Enrollment took place over a period of approximately 20 mo. Consecutive patients with newly diagnosed NBIV were recruited for the study. At the time of study entry, written informed consent was obtained from patients/parents/caregivers and an information (assent) form was reviewed with children more than 7 y of age.
Study design. This study was a prospective comparative study of patients newly diagnosed with NBIV, measuring REE by open-circuit indirect calorimetry and assessing nutritional status. REE and anthropometry measurements were obtained at three specific times by the same researcher (G.J.G.). Measurements were taken at diagnosis (phase 1), before starting high-risk neuroblastoma treatment protocol [Childrens Cancer Study Group (CCG)-3891 high-risk neuroblastoma protocol or Children's Oncology Group (COG) A3973 high-risk neuroblastoma protocol], when the tumor burden would be expected to be highest. They were repeated after two courses of chemotherapy (phase 2), when it would be reasonable to expect some response to treatment, and treatment protocols include tumor reimaging by CT/MRI of all areas of bulk tumor (primary and metastases) to monitor treatment response. The final measurement (phase 3) was performed 2 or more weeks after surgical excision of the primary tumor, when the child was fully recovered from surgery, and had been admitted for the sixth (final) cycle of chemotherapy, at which time it was presumed that there was minimal or no residual disease.
Study protocol. Indirect calorimetry was performed using the Deltatrac II Metabolic Monitor (SensorMedics Corporation, Yorba Linda, CA). This is a computerized open-circuit indirect calorimetry system, which conducts continuous measurements of the concentrations of oxygen and carbon dioxide in inspired and expired air. Data are displayed in 1-min intervals on printout and/or computer screen formats as VO 2 , VCO 2 , respiratory quotient (RQ), and energy expenditure. All expired air is collected into this constant flow. Adjustments to the flow were predetermined by the investigator, according to the subject's age and body weight. The Deltatrac II Metabolic Monitor is calibrated every day, by an automatic gas calibration. The Deltatrac II Monitor is a portable system, so the calorimeter was brought to the patient's room. Patients were studied in a modified fasted state (minimum 4 -6 h without any oral or enteral intake; i.v. fluids and nutrition support as needed). The subjects were at rest in the supine position on a bed or crib, or quietly reclining on mother's lap in a chair. A clear plastic canopy was placed over the child's head and air was drawn at a constant rate through the hood. The VO 2 was monitored until a steady state was reached and maintained for approximately 15-20 min during which energy expenditure was measured. Carbon dioxide production VCO 2 and oxygen consumption VO 2 were calculated at 1-min intervals. REE was calculated by using the Weir (21) (23) normative data for weight, age, and gender.
Nutritional evaluation was done at the time of diagnosis (phase 1) and at phases 2 and 3. The following criteria were used for diagnosing malnutrition: weight for height (WFH) Ͻ85%; serum albumin Ͻ32 g/L; and depleted fat stores, measured by triceps skin folds (TSF) Ͻ5 percentile for age and gender. A subject was considered at high risk for malnutrition if two or more of the above criteria were fulfilled (adapted from Rickard and Oguz) (24, 25) . Anthropometric evaluation consisted of weight (kg), height (cm), TSF measurements (mm), mid-arm circumference (MAC, mm), and calculation of mid-arm muscle circumference (MAMC, mm).
Body weight was measured with an electronic digital scale accurate to 0.1 kg (Scale-Tronix model 6006, Serial 6 -1248, for children Ͼ2 y of age, and Scale-Tronix Pediatric Scale 4800, Serial 48 -4442, for infants; Wheaton, IL). Standing height was measured to the nearest 0.1 cm with a wall-mounted stadiometer. Measured weight and height were plotted on the growth and development charts of Tanner et al, and %WFH was calculated (26, 27) . Percent WFH was calculated by dividing actual body weight (at time of study phases) by weight on the same percentile as the height. TSF was measured to the nearest 0.2 mm using Holtain calipers (Holtain Ltd., Crymch, UK) on all three measurement phases. TSF measurement was performed in triplicate and the average of the measurements was reported at each phase of study. The same examiner performed the measurement throughout the study to eliminate interexaminer error. A standard technique for measurement of TSF and MAC was used (28, 29) . MAMC is derived from measurements of TSF and MAC and was calculated using the following equation: MAMC ϭ MAC Ϫ ( ϫ TSF), where ϭ 3.14 (18) . Arm anthropometric data were compared with published norms (29) .
Urinary catecholamine metabolites were measured and recorded at diagnosis. A random specimen of urine was taken to determine vanillylmandelic acid (VMA) and homovanillic acid (HVA) levels. Levels are measured quantitatively based on ion-exchange cleanup and using HPLC. (VMA and HVA by HPLC testing; Bio-Rad, October 1985).
Sample size. Based on our laboratory observations in healthy control subjects, which showed a variance in REE of around 10% (between subjects Ϯ10%, 2SD) (30) , an REE of more than 15% is regarded as clinically significant (31) . We hypothesized that we would see a 25-30% elevation at baseline measurement, with a decrease at each subsequent measurement point. With these estimates and setting alpha, i.e., type I error 0.01, and with the estimate of the sample size adjusted for multiple testing, the sample size was calculated to be a minimum of eight patients.
Statistical analysis. Data are presented as mean Ϯ SD. Repeated measures analysis of variance was used to compare the effect of treatment on REE and HR. Regression and correlation analysis was used to determine relationship between variables.
RESULTS
Twelve subjects were enrolled in the study. There were two dropouts from the study. One patient withdrew before the start of the study, another patient was medically unstable during the course of treatment and subsequently died. Ten subjects newly diagnosed with NBIV (6 males and 4 females) completed the study.
Summary of urinary catecholamine metabolite levels at presentation are shown in Table 1 . Mean age at diagnosis was 3.8 (Ϯ1.5) y, 10 patients completed the study (6 males, 4 females). Five subjects were shown to be malnourished at time of diagnosis, three remained malnourished at phase 2, and two at post-tumor excision (phase 3). Effect of treatment response on nutritional characteristics and HR is summarized in Table 2 .
An HR measurement was retrospectively obtained. After preliminary calorimetry, results from the study were noted not to be increased. The HR was obtained from the subjects' vital sign recording sheets, and an average was calculated from 3 consecutive days within each phase (day before study, day of study, and day after study) to account for any major fluctuations. Results showed that the HR (beats/min) was elevated upon presentation of disease and decreased in response to treatment. The mean HR was 124 Ϯ 23.5 at phase 1, 109 Ϯ 18.7 at phase 2, and 98 Ϯ 16.1 at phase 3 (p ϭ 0.003). The mean HR was obtained at diagnosis for 9 of 10 subjects. In seven patients at diagnosis, HR was elevated (range, 73-145 Upper limits (95%) for SVM (mmol/mol creatinine) for age (0 -1 y) ϭ 11, (2-4 y ) ϭ 6.5, (5-9 y ) ϭ 5.
Upper limits (95%) for VMA (umol/d) for age (0 -1 y) ϭ 12, (2-4 y) ϭ 15, (5-9 y) ϭ 18.
Upper limits (95%) for HVA (mmol/mol creatinine) for age (0 -1 y) ϭ 20, (2-4 y) ϭ 24, (5-9 y) ϭ 9.
* All values calculated ϭ actual value/upper limit. SVM, spot vanillylmandelic acid; VMA, vanillylmandelic acid; HVA, homovanillic acid; NV, no value. beats/min) whereas two had normal values for age. The HR of four patients in phase 2 was likewise elevated (range, 80 -135 beats/min), and five had normal values for age. The HR of one patient in phase 3 was elevated, and the remaining patients had normal values for age (normative HR value for age: 80 -110 beats/min for 6 -12 mo, 70 -110 beats/min for 1-3 y, and 65-110 beats/min for 3-6 y) (32) .
Measurements of REE and response to treatment are presented in Table 3 . There was no increase observed in metabolic rate compared with predicted values of REE in all phases. Mean RQ's were 0.87 Ϯ 0.05 (0.82-1.00) in phase 1, 0.88 Ϯ 0.06 (0.79 -0.94) in phase 2, and 0.88 Ϯ 0.05 (0.82-0.96) in phase 3.
To assess if there was any relationship between variables, linear regression and correlation analysis was performed. Correlation between the REE and the HR is presented in Figure  1A -C. An unexpected inverse correlation between REE and HR was observed (r ϭ Ϫ0.73, p ϭ 0.03).
DISCUSSION
To our knowledge, this is the first study that longitudinally investigated the REE of children with NBIV from diagnosis and in response to treatment. The study was undertaken to attempt to understand why these children are often malnourished at time of diagnosis. The prevalence of malnutrition in childhood cancer can range from 6 to 50% (33), the degree of which is associated with the type of tumor and the extent of metastatic disease (33) . Children with NBIV have been recognized as a high nutritional risk patient population (33) . It was postulated from a review of the literature that the malnutrition would be due to hypermetabolism. To our surprise, despite the presence of extensive disease the children were not hypermetabolic, although ϳ50% were malnourished at diagnosis (consistent with the literature). Furthermore, measured mean REE was initially 13% lower than predicted REE. There was no effect on REE with cancer treatment.
Published pediatric metabolic studies in cancer patients are varied. Bond et al. (33) studied basal metabolic rate of children with either acute lymphoblastic leukemia during maintenance chemotherapy or solid tumors, having no evidence of active disease, compared with healthy controls. Both groups exhibited values for basal metabolic rate that were comparable with predicted (33). Stallings et al. (31) used open-circuit indirect calorimetry to investigate the effect of tumor burden in children newly diagnosed with acute lymphoblastic leukemia on REE. Patients were divided into two groups according to tumor burden at diagnosis. Only patients with a larger tumor burden had increased REE compared with standard predicted values (31) . Repeated measurement of REE showed normalization after response to 2 wk of chemotherapy in the high tumor burden group (31). Den Broeder et al. (34) investigated basal metabolic rate in children with solid tumors. In contrast to our data, they reported that basal metabolic rate was higher than the estimated reference in all patients at diagnosis, and decreased during treatment. Picton (35) reported the energy expenditure in children with leukemia and solid tumors. The children with solid tumors, who became cachectic during therapy, had significantly elevated sleeping energy expenditure at presentation compared with noncachectic patients and controls (35) . Leukemic children showed a small but significant raise in metabolic rate at presentation compared with controls and a reduction of metabolic rate at remission (35) . These findings are consistent with those of Stallings et al. (31) . The results of these cited studies might not be comparable with our study because of the heterogeneity of patient populations examined (acute lymphoblastic leukemia, Hodgkin lymphoma, osteosarcoma, rhabdomyosarcoma, and B-cell lymphoma). An additional consideration could be Phase 1, patients newly diagnosed at start of treatment protocol; 2, patients received 2 cycles of chemotherapy; 3, patients received 5 cycles of chemotherapy, recovered postoperatively from primary tumor excision, admitted next cycle of chemotherapy.
There were no significant differences in REE with response to treatment using repeated analysis of variance.
whether any of the medications given could effect REE, and a careful review of the literature revealed that they do not (36) .
The paradox in the present study is that the children had a tumor, which secretes large amounts of catecholamines, which would be expected to increase REE and HR. HR was elevated at phase 1 and was significantly lower by phase 3 of study (p ϭ 0.003). Pathophysiologically, we can reason that the elevated HR corresponds to the elevated urinary catecholamine metabolites, and was reflective of untreated, active neuroblastoma. At phase 3, HR was much lower, at a point where there was minimal residual disease. Unfortunately, in our subjects measurements of urinary catecholamine metabolites were only obtained at time of diagnosis, as treatment response at our center is ascertained primarily by oncological evaluation (i.e., follow-up CT scans, MRI, and bone marrow aspirate). Nonetheless, because others have shown that urinary catecholamine metabolites normalize with response to treatment (18, 19, (37) (38) (39) , we reason that circulated catecholamine metabolites would have reverted toward normal by phase 3; and this is supported by the fall in HR toward normal (Table 2 ).
An expected finding with an elevated HR would be a corresponding increased REE particularly at phase 1 of our study. Hyltander et al. (16) demonstrated that there was a strong positive relationship between REE and HR, and that HR was the most powerful factor for prediction of elevated REE, with cancer patients, having a significantly steeper slope between HR and REE than controls. However, we observed an inverse relationship with REE in both phases 1 and 2. The cause of the paradoxical inverse relationship observed between REE and HR is unclear.
Neuroblastoma is a metabolically active tumor derived from neural crest cells. Increased production of catecholamines [dopamine, norepinephrine (NE), and epinephrine] and their metabolites (VMA and HVA) is distinctive to neuroblastoma (19) . Circulating NE causes increased activity of the heart, as does epinephrine; however, epinephrine has a greater effect on cardiac activity than NE (40) . Our subjects had a significantly higher HR that involves primarily the cardiac receptor ␤ 1 , but with a corresponding low REE in which ␤ 2 receptor activity is principally involved. It is plausible that prolonged elevated catecholamine production may have altered the adrenergic state in our subjects. It could be reasoned that this inverse relationship is a result of a diminished physiologic response that occurs after prolonged exposure of an effector tissue to an adrenergic agonist. This occurrence is known as tachyphylaxis or desensitization (40) . Contrary to our results, Hyltander et al. (16) reasoned that their findings of elevated HR and REE are suggestive that whole-body catecholamine sensitivity and production may be upregulated in cancer-bearing hosts, but not from our results, in children with neuroblastoma.
Zambrano and Reyes-Mugica (19) correlated urinary NE, dopamine, VMA, and HVA levels with stage, age at diagnosis, histopathological features, and N-myc status of patients with neuroblastoma. Their findings show that aggressive neuroblastoma is associated with higher urinary catecholamine levels, and that stage IV disease with unfavorable histology shows a blockade in metabolism of dopamine (19) . Similarly, all our subjects had stage IV disease with unfavorable histopathology. Ninety percent of our subjects had elevated urinary catecholamine metabolite levels either spot vanillyl mandelic (SVM)/VMA or HVA at time of diagnosis.
LaBrosse et al. (18) review of catecholamine metabolism in neuroblastoma found that there was excess production and excretion of the NE precursors, dihydroxyphenylalanine (DOPA), and dopamine, and that catecholamines were largely inactivated by intracellular metabolism in the tumor cells. Interestingly, Sato et al. (41) found that endogenous dopamine overload in neuroblastoma inhibits NE production. The main blockade in the catecholamine pathway may be where dopamine is converted to NE. It has been further suggested that the enzyme converting NE to epinephrine is lacking in neuroblastoma cells (42) . Lack of epinephrine may be an additional reason for the finding of an elevated HR but no increase in REE.
CONCLUSION
The results of this study indicate that despite extensive disease at diagnosis children with NBIV are not hypermetabolic. Furthermore, there was no effect on REE with cancer treatment. However, there was an inverse relationship observed between HR and REE. Possibly because of tachyphylaxis effecting the ␤ 2 adrenergic receptor or an alteration in catecholamine metabolism. An inhibitory effect on the conversion of dopamine to NE may result in an increase in dopamine level but no marked increase in NE or epinephrine levels and hence an increased HR but no stimulation of REE. Further research needs to be done to elucidate the potential underlying mechanisms related to metabolic control of REE in neuroblastoma. Thus, the malnutrition observed in this patient population at diagnosis seems to be due to poor dietary intake, related to the intra-abdominal mass and anorexia rather than an increased REE.
